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Linkage disequilibrium (LD) has been defined as the non-random association between alleles at different loci (Phillips et al. 2003; Khatkar et al. 2006b Khatkar et al. , 2008 Odani et al. 2006) . Information concerning the structure of LD at the population level is crucial for interpretation and application of the results of genome wide association studies (Meuwissen and Goddard 2000; Khatkar et al. 2006a; Bohmanova et al. 2010; Lu et al. 2012 ) and for determination of the statistical doi: 10.17221/56/2017-CJAS power of association studies (Khatkar et al. 2007; Kim and Kirkpatrick 2009) . Characterization of the empirical patterns of LD across the genome is important to improve our understanding the biological pathway of recombinations and selection results in the bovine genome (Khatkar et al. 2006a; Bohmanova et al. 2010) . Furthermore, understanding the genomic landscape of bovine LD and variation in recombination rates facilitates the efficient design and analysis of association studies and greatly improves inferences from DNA marker polymorphism data based on population studies (Khatkar et al. 2006b ). The construction of a high-resolution LD map for the bovine genome will provide further insights into the effects of selection and evolutionary forces upon the genomes of breeds which have been selected for different agricultural purposes (McKay et al. 2007 ). There are different measures of LD such as D' and r 2 , D' estimates historical recombinations through allelic association, whereas r 2 measures the squared correlation coefficient between locus alleles frequencies (McKay et al. 2007; Bohmanova et al. 2010) . The range of either of these measures extends between 0 and 1. D' < 1 indicates that historical recombinations have occurred between the loci, and D' = 1 indicates absence of recombination between the two loci because of the occurrence of one of the polymorphisms. Therefore, D' is rather an indicator of missing haplotypes than being a reliable measure of LD. Moreover, D' tends to be strongly inflated for small samples and in the presence of a rare allele. The r 2 value represents the degree of association between the two loci, it equals 1 only if two haplotypes are present, which is usually a consequence of population bottlenecks or genetic drift. Dealing with the r 2 value is preferred for association studies, because there is a simple inverse relationship existing between r 2 and the sample size that is required to detect the association between QTL and SNP (Bohmanova et al. 2010) .
Haplotype blocks are chromosome regions that show high LD, low haplotype diversity, and low recombination rate (Phillips et al. 2003; Khatkar et al. 2007) . They are inherited from one generation to another as single units (Lin and Zhao 2010) , and may arise by several factors such as recombinations, selection, population bottlenecks, population admixture, and mutations (Phillips et al. 2003; Guryev et al. 2006) . Haplotypes can describe genetic variation and LD patterns in cattle genome and proved to be more powerful than single-marker methods in association studies (Lin and Zhao 2010) . It is important to construct the haplotype blocks and identify genes involved in them in farm animals, especially those having effects on the important economic traits, such haplotype block should be scanned for deleterious gene effects before incorporation into selection programs.
There is a tremendous interest to study LD and patterns of haplotype blocks in domestic animals. Khatkar et al. (2006a) constructed a haplotype block for 433 Australian dairy bulls using 220 single nucleotide polymorphisms (SNPs) on BTA 6 and found 40 blocks occupying 41% of the chromosome. Kim and Kirkpatrick (2009) The objectives of this work were to estimate linkage disequilibrium and describe haplotype block structure for Portuguese dairy cattle, and to scan the identified haplotype block for the presence of genes that may affect milk production traits.
MATERIAL AND METHODS
A total of 526 animals were genotyped using the Illumina BovineSNP50 BeadChip, which contained a total of 52 890 SNPs (Illumina, USA). Animals with more than 20% missing marker genotypes were excluded from the analysis. A SNP was removed from the analysis if it had minor allele frequency (MAF) less than 2%, call rate less than 90% or exhibited deviation from Hardy-Weinberg equilibrium (HWE) with P < 10 -6 . Filtration of the marker data was performed using Plink software (Purcell et al. 2007) . After the SNP data filtration, the final marker set remaining for analysis was 37 031 SNPs from 29 autosomes. The missing genotypes were imputed using Beagle software (Browning and Browning 2009 ). The LD parameters D' and r 2 were estimated and haplotype block analyses were performed using the Haploview software (Barrett et al. 2005) . To study the decline of LD, the physical distances between markers were classified into seven intervals: < 30 kb, 31-70 kb, 71 to 100 kb, 101-200 kb, 201-300 kb, 301-400 kb, and 401-500 kb. The Genome Bos_Taurus_UMD_3.1 in the NCBI database was used to determine the doi: 10.17221/56/2017-CJAS location of genes affecting milk production and mastitis traits as reported by Ogorevc et al. (2009) , and all identified haplotype blocks were scanned to determine the genes located inside them.
RESULTS AND DISCUSSION
The BTA length, SNPs number, interval between markers, observed heterozygosity, predicted heterozygosity, and MAF are presented in Table 1 . The average marker interval, observed heterozygosity, predicted heterozygosity, and MAF for SNPs used in this study were 67.80, 0.365, 0.352, and 0.264 kb, respectively. The minimum average marker interval was 60.62 kb on BTA 25, and the maximum was 79.70 kb on BTA 5. The highest number of SNPs on the chromosomes was 2499 on BTA 1, and the lowest was 679 on BTA 28. Also, the highest MAF value was 0.280 on BTA 18, and the lowest was 0.255 on BTA 1. The value of MAF affects the distribution and extent of LD (Khatkar (Bohmanova et al. 2010; Qanbari et al. 2010) . The D' and r 2 parameters of LD were estimated for pair-wise combinations of SNPs on each chromosome. The mean and median values of D' and r 2 for each chromosome are presented in Table 2 .
The averages of D' and r 2 values were 0.682 and 0.122, respectively. The highest D' value (0.664) was found on BTA 20 and the lowest (0.563) on BTA 18 (Figure 1) . Also, the highest r 2 value (0.158) was found on BTA 14 and the lowest (0.098) on BTA 28 (Figure 2) . Two theories to explain the difference in LD values on different chromosomes were set. The first, selection for production traits lasting for 50 generations or more results in QTL distribution throughout the genome and consequently generates different patterns of LD on each individual chromosome. The second, some chromosomes have higher rates of recombination causing lower LD than others (McKay et al. 2007 ). The high LD obtained on BTA 14 was expected since this autosome is known to carry genes affecting milk traits similar to DGAT1 gene. Therefore, selection to improve milk traits would increase LD on BTA 14. In contrast, Lu et al. (2012) reported higher LD on BTA 5 in Angus beef cattle, because several QTLs and genes like IGF-1 and myf5, which affect birth weight and carcass traits, were found on it. However, comparisons between LD values estimated in previous studies showed differences depending on marker type, sample size, and density. Therefore it was suggested that results should be compared at the same SNPs densities. Banos and Coffey (2010) evaluated LD in two divergent lines (133 control and 166 selected Holstein cows) using 41 859 SNPs and estimated r 2 values of 0.069 and 0.071, respectively. These estimates were smaller than those found in the present study probably due to the high intensity of selection.
In the current study the decline in LD was measured by classifying LD into seven intervals. The values of D' and r 2 decreased with the increase of the physical distance (Figure 3 ). The value of D' decreased from 0.815 at the distance of 0-30 kb to 0.752 at the distance of 30-70 kb to reach 0.578 at 401-500 kb. The same trend was noted for r 2 values which decreased from 0.283 at the distance of 0-30 kb to 0.213 at 30-70 kb and finally to 0.090 at the distance of 401-500 kb. Nevertheless, the values of r 2 were > 3 at the distance of 0-30 kb for chromosomes 6, 7, 9, 10, 14, 16, 22, and 24 (Supplementary Tables S1 and S2 in Supplementary Online Material (SOM)). These results are in agreement with those of previous studies (Bohmanova et al. 2010; Qanbari et al. 2010; Espigolan et al. 2013 ). In addition, the current study confirmed that the extent of LD available for the association analysis in Portuguese Holstein population does not significantly exceed 500 kb. Meuwissen et al. (2001) suggested that r 2 of 0.2 is required in genomic selection to achieve an accuracy of 0.85 for genomic breeding values. Qanbari et al. (2010) suggested that the convenient value of r 2 for association studies was 0.25. O'Brien et al. (2014) showed that r 2 values above 0.3 were required to give sufficient power in genome wide association studies (GWAS). In the current study, r 2 values above 0.2 were achieved at a distance less than 70 kb between adjacent markers, indicating that using BovineSNP50K BeadChip with marker interval 67.8 kb is inconsistent for achieving a high accuracy of genomic breeding values and Recently, high density (HD) chips have been used in GWAS (Mokry et al. 2014; O'Brien et al. 2014; Nayeri et al. 2016 ) and a marker interval of 5 kb can be obtained from such SNP density provided that r 2 reaches 0.59 in taurine species (O'Brien et al. 2014) . Consequently, the HD chip could be more appropriate for GWAS than the 50K chip.
The haplotype blocks structures are presented in Table 3 . The total number of blocks identified in the present study was 969, consisted of 4259 SNPs, and covered 159.06 Mb (6.24% of the total genome) on 29 autosomes. The maximum number of haplotypes was 91 on BTA 1, and 7 on BTA 27. The average size of haplotypes ranged from 55.73 kb on BTA 27 to 218.04 kb on BTA 5. The maximum haplotype size was 499 kb on BTA 14 and the minimum was 0.084 kb on BTA 8 (Figure 4) . The maximum block coverage length on chromosome was 14 800 kb on BTA 1 and the minimum was 390.15 kb on BTA 27. The average number of SNPs forming haplotype was 4.21, with a minimum number of 2 on BTA 8 and a maximum of 15 on BTA 5 ( Figure 5 ). The minimum number of SNPs in haplotypes was 21 on BTA 27 and the maximum was 408 on BTA 1. In the current study, the number and size of hap- Genome Bos_Taurus_UMD_3.1 in the NCBI database was used to determine the location of genes that affect milk production traits and mastitis as reported by Ogorevc et al. (2009) . Several genes inside the haplotype blocks were detected, CSN1S2 gene was detected in haplotype block 51 on BTA 6, IL6 and B4GALT1 genes in haplotype blocks 6 and 33 on BTA 8, respectively, IL1B and ID2 genes in haplotype blocks 19 and 29 on BTA 11 respectively, and DGAT1 gene in haplotype block 1 on BTA 14. Marques et al. (2008) illustrated that identifying haplotype blocks can reduce the number of SNPs required for future association studies; thereby, it can decrease the costs associated with genotyping without loss of precision. Identifying haplotype blocks that contain important genes is crucial for dairy cattle selection. Some haplotype blocks, especially those containing multi genes, may extend over a large area of the genome, some having deleterious and the others beneficial effects on the animals. However, due to the high LD inside the haplotype block, a selection to increase genotype frequency of the favourite genes could be associated with the increase of the genotypic frequency of deleterious or un-favourite genes. Therefore, attention should be paid to haplotype blocks that contain important genes and they should be scanned for the presence of other deleterious genes to avoid their hazardous effects during the course of selection.
CONCLUSION
Results of the current work are consistent with those of previous studies. The extension of LD using BovineSNP50 BeadChip did not exceed 500 kb and LD parameters r 2 and D' were lower than 0.2 and 0.70, respectively, after a 70-100 kb distance. Consequently, the 50K BeadChip would have a poor power to GWAS at distances between adjacent markers greater than 70 kb. Further studies are required to investigate if a haplotype block plays a vital role in the construction of genetic correlations between traits.
